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tropical	 forests.	 In	 this	study,	we	 incorporated	a	novel	mechanistic	 representation	
of	lianas	in	a	dynamic	global	vegetation	model	(the	Ecosystem	Demography	Model).	
We	developed	a	 liana‐specific	plant	 functional	 type	and	mechanisms	 representing	
liana–tree	 interactions	(such	as	 light	competition,	 liana‐specific	allometries,	and	at‐
tachment	to	host	trees)	and	parameterized	them	according	to	a	comprehensive	litera‐
ture	meta‐analysis.	We	tested	the	model	for	an	old‐growth	forest	(Paracou,	French	
Guiana)	 and	 a	 secondary	 forest	 (Gigante	 Peninsula,	 Panama).	 The	 resulting	model	
simulations	 captured	many	 features	 of	 the	 two	 forests	 characterized	 by	 different	
levels	of	liana	infestation	as	revealed	by	a	systematic	comparison	of	the	model	out‐
puts	with	empirical	data,	 including	 local	census	data	 from	forest	 inventories,	eddy	
flux	tower	data,	and	terrestrial	 laser	scanner‐derived	forest	vertical	structure.	The	
inclusion	of	lianas	in	the	simulations	reduced	the	secondary	forest	net	productivity	




























Lianas	use	 the	architecture	of	 trees	 to	 climb	 to	 the	 top	of	 the	
canopy	 without	 the	 need	 to	 invest	 in	 fully	 self‐supporting	 struc‐
tures.	They	have	complex	growth	forms	and	are	very	diverse,	making	











was	 recently	 confirmed	 by	 a	 liana	 removal	 experiment	 conducted	







2016),	 where	 lianas	 peak	 in	 abundance	 (Schnitzer,	 2018),	 which	
might	reduce	the	potentially	rapid	rates	of	carbon	sequestration	in	
such	secondary	forests	 (Durán	&	Sánchez‐Azofeifa,	2015)	and	fur‐
ther impact the global carbon cycle.
Including	 lianas	 in	vegetation	models	 is	particularly	 important	 in	
the	age	of	climate	change	and	increasing	anthropogenic	disturbance,	










of	 lianas	 in	models	 (van	der	Heijden,	Schnitzer,	Powers,	&	Phillips,	









of	 validated	 tools	 to	understand	 their	 role	 in	 forest	 ecosystems	 is	
paramount.
In	 this	study,	we	present	 the	 first	effort	 toward	 incorporating	 li‐












tions	with	 and	without	 lianas.	Due	 to	 the	 observed	 high	 density	 of	
lianas	in	young	forests,	we	hypothesized	that	their	impact	on	carbon	
uptake	will	be	larger	for	secondary	forests	than	for	old‐growth	forests.
2  | MATERIAL S AND METHODS
2.1 | The Ecosystem Demography Model
The	Ecosystem	Demography	Model,	version	2	(ED2),	is	an	integrated	
terrestrial	biosphere	model	 incorporating	state‐of‐the‐art	 informa‐
tion	 on	 physiology	 and	 biogeochemistry	 and	 a	 multilayer	 canopy	
structure	 that	 scales	 up	 competition	 for	 light	 and	 soil	 resources	
K E Y W O R D S
carbon	dynamics,	dynamic	global	vegetation	model,	ecology,	lianas,	plant	functional	type,	
tropical	forest
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from	the	tree	to	the	ecosystem	scale	(Medvigy	&	Moorcroft,	2011;	
Medvigy,	Wofsy,	Munger,	Hollinger,	&	Moorcroft,	2009).	Plant	diver‐
sity	 is	 represented	 through	PFTs	differing	 in	 their	photosynthetic,	









































2.2.1 | Liana allometry and cohort tracking
Allometric	 relationships	 represent	 one	 of	 the	 key	 differences	
between	 liana	 and	 tree	 growth	 forms,	 as	 relatively	 small	 lianas	
(typically	2–3	cm	in	DBH)	have	a	high	probability	of	reaching	the	
top	of	the	forest	canopy	(Kurzel,	Schnitzer,	&	Carson,	2006)	and	







The	 different	 pools	 are	 linked	 to	 one	 another	 through	 DBH‐ 
dependent	allometries.
Liana‐specific	 allometries	 were	 chosen	 based	 on	 an	 extensive	








biomass	 compared	 to	 trees	 (see	 Supporting	 Information	 1	 for	 de‐
tails),	thus	preventing	their	establishment.
In	 ED2,	 plant	 height	 is	 one	 of	 the	most	 important	 properties	
of	a	given	cohort	because	of	its	direct	impact	on	light	interception	
and	photosynthetic	rates.	To	represent	the	liana	height,	we	created	





(see	 Supporting	 Information	1	 and	2).	When	 it	 reaches	 the	maxi‐
mum	height,	 the	attached	 liana	can	continue	growing	 in	diameter	
without obeying the original diameter–height allometric relation. 
This	means	that	unlike	for	trees,	the	diameter–height	allometry	of	
lianas	 cannot	 be	 represented	 by	 a	 bijective	 function;	 that	 is,	 the	
height	of	 attached	 lianas	 can	no	 longer	be	determined	 from	 their	
diameter	and	vice	versa.	The	current	model	implementation	allows	
tree	cohorts	 to	support	more	 than	one	 liana	cohort;	however,	we	
assumed	that	each	liana	cohort	is	attached	to	a	single	tree	cohort,	
which	means	that	the	 lianas	are	attached	to	their	 initial	host	until	
a	 disturbance	 or	 a	 cohort	 splitting	 event	 occurs	 (see	 Supporting	
Information	2).
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area,	 only	 a	 limited	 fraction	 of	 small	 (<10	 m)	 plants	 survive	 (see	
Supporting	Information	3).	Unlike	trees,	lianas	often	survive	in	gaps	
after	 the	 falling	of	 their	 host	 (Putz,	 1984),	 potentially	 giving	 them	
a	competitive	advantage	in	highly	disturbed	areas	(Schnitzer,	2018;	
Schnitzer	&	Carson,	2001).	Therefore,	we	assumed	a	higher	survi‐
vorship	probability	 for	attached	 lianas	 in	 the	case	of	 tree‐fall	 (0.8,	
Table	S1).
















the	 leaf	 area	of	each	plant	 cohort	 is	distributed	evenly	across	 the	
patch),	and	 the	crown	depth	 is	assumed	to	be	 infinitesimally	 small	
(i.e.,	all	leaves	are	located	at	the	same	vertical	position).	Because	of	



























2.4 | Simulation sites and additional data
We	 evaluated	 the	 model	 for	 two	 forest	 sites,	 Paracou	 (French	
Guiana)	and	 the	Gigante	Peninsula	 (Panama).	We	chose	 these	 two	
sites	because	 they	present	key	differences	 in	 terms	of	 forest	 suc‐
cessional	 stage	and	 liana	 infestation	 (see	Table	S1	and	Supporting	








measurements	using	 the	eddy	covariance	 technique	as	described	 in	
Bonal	et	al.	(2008;	Aguilos,	Hérault,	Burban,	Wagner,	&	Bonal,	2018),	
as	well	as	 the	meteorological	 forcing	data	 from	the	 tower	measure‐
ments.	Tree	inventories	have	been	conducted	in	10	plots	of	70	×	70	m	
established	in	2004	in	the	flux	tower	footprint,	recording	all	trees	with	
DBH	≥	10	 cm.	 Liana	 inventories	 have	been	performed	 in	 the	 same	
plots	since	2004	(DBH	≥	10	cm)	and	included	smaller	individuals	from	
2015	(DBH	≥	2	cm,	see	Supporting	Information	5).






mid‐December	 to	mid‐April	 (Table	1	 and	Figure	 S4).	Meteorological	
data	 were	 collected	 from	 the	 nearby	 field	 station	 of	 BCI	 (Powell,	
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Additional	 observational	 data	were	 also	 collected	 in	 this	 study,	
specifically	those	from	the	liana	inventories	conducted	at	Paracou	in	
2015	mentioned	above	and	plant	area	index	(PAI)	values	from	terres‐
trial	 laser	scans	 (TLSs).	The	scans	were	performed	 in	three	different	
control	 plots	 and	 three	 removal	 plots	 in	Gigante	 in	 2016.	 Removal	





Verbeeck,	 2018).	We	 used	 the	 allometric	 equation	 generated	 from	
the	community‐level	analysis	of	Bohman	and	O’Brien	 (2006)	to	cal‐
culate	the	crown	depth	from	the	simulated	DBH	for	the	comparison	





The	model	 runs	were	 initialized	 from	near	bare	 ground	 (all	 PFTs	
have	an	 initial	sapling	density	of	0.1/m2)	and	were	continued	for	
500	 years	 to	 reach	 an	 equilibrium	 state.	 The	 atmospheric	 CO2 
concentration	 was	 assumed	 to	 be	 constant	 over	 the	 simulated	
period	 and	 fixed	 at	 370	 ppm.	 The	 runs	with	 and	without	 lianas	
were	performed	with	the	same	conditions	but	turning	on	and	off	




period	 (corresponding	 to	 the	 equilibrium),	 and	 the	 results	 for	
Gigante	were	averaged	over	a	50–100	year	period	(around	the	ap‐
proximate	age	of	the	forest).








growth),	we	 ran	 a	 batch	 of	 simulations	with	 a	 reduced	number	 of	
patches	(18)	and	cohorts	per	patch	(18),	exploring	the	whole	param‐
eter	range,	and	found	the	best	value	with	a	bisection	algorithm	(see	
Supporting	 Information	3	 for	 details).	 The	optimal	 value	was	 then	
used	to	run	the	final	simulations	presented	in	this	study.
3  | RESULTS






biomass	 (AGB),	 or	 approximately	 two‐thirds	 of	 total	 plant	 bio‐
mass,	 at	both	 sites.	 In	Paracou,	 lianas	constituted	approximately	
1.1%	of	the	forest	AGB,	consistent	with	the	observed	1.3	±	0.8%	
(average	 ±	 standard	 deviation).	 For	 Gigante,	 the	 percentage	 of	













their	 biomass,	 lianas	 disproportionally	 contribute	 to	 leaf	 litter	 pro‐






TA B L E  1  Main	features	of	the	two	forest	sites	used	for	the	
simulation















































liana	LAI	 to	account	 for	17%	and	20%	of	 the	 total	LAI,	 respectively	
(Rodríguez‐Ronderos	et	al.,	2016;	Schnitzer	&	Carson,	2010).
Overall,	 the	 model	 overestimated	 the	 NPP	 in	 Paracou	 (1.77	
vs.	 1.16	 kgc m
−2 year−1),	 while	 the	 simulated	 forest	 gross	 pri‐









Similarly,	 including	the	 lianas	 in	the	simulation	did	not	significantly	
impact	the	estimated	GPP	fluxes	in	Gigante.
3.2 | Forest structure and demography
The	simulation	results	showed	significantly	more	lianas	at	the	Gigante	
site	than	at	Paracou,	with	densities	of	996	stems/ha	(DBH	≥	2.5	cm)	
for	 Gigante	 and	 481	 stems/ha	 for	 Paracou	 (Table	 1;	 Figure	 2).	 The	
field	measurements	 indicate	 a	 liana	 density	 of	 1,332	 stems/ha	 and	






forest,	 such	 as	 that	 in	 Gigante,	 and	 progressively	 declined	 in	 older	
patches	(Figure	4a)	to	become	almost	absent	in	the	top	canopy	of	old‐






F I G U R E  1  Total	forest	carbon	pools	and	fluxes	(left	panel)	and	liana	contributions	(right	panel).	The	table	shows	simulated	(Sim)	and	
observed	(Obs)	values	for	Paracou	and	the	corresponding	references	(Ref).	The	sketch	shows	simulated	liana	contributions,	with	observed	
liana	contributions	in	parentheses.	B,	biomass;	GPP,	gross	primary	productivity;	NEE,	net	ecosystem	exchange	(negative	values	mean	carbon	
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strong	competition	between	lianas	and	pioneer	trees	benefited	the	
shade‐tolerant	PFT,	which	at	 the	same	forest	age	comprised	more	
than	 50%	of	 the	 total	 biomass	 (compared	 to	 less	 than	 40%	when	
lianas	were	not	included).
The	 trends	 in	 the	 simulated	 demography	 were	 largely	 gov‐
erned	 by	 the	 forest	 stand	 age,	 while	 the	 climatic	 differences	
between	 the	 two	 test	 sites	had	very	 little	 impact	on	 the	overall	
forest	carbon	cycle	and	demography	(Figures	S8	and	S9).	For	ex‐
ample,	the	simulated	liana	basal	area	for	Paracou	was	1.80	cm2/m2 
at	 the	 Gigante	 stand	 age,	 while	 the	 value	was	 1.71	 cm2/m2	 for	




for	 Gigante),	 we	 also	 examined	 whether	 the	 model	 captured	 the	
main	peaks	in	the	vertical	stand	structure	in	Gigante,	measured	with	










Despite	 this	 underestimation,	 the	 model	 was	 able	 to	 qualita‐
tively	reproduce	some	observed	trends.	In	particular,	adding	lianas	
to	the	simulations	led	to	a	reduced	PAI	for	trees	taller	than	16	m,	as	
observed	 in	 the	control	plots.	Measurements	 in	gaps	 that	were	 in	
a	state	of	arrested	succession	 indicated	that	 they	have	 lower	can‐














only	 natural	 tree‐fall	 disturbance	 was	 considered.	 Figure	 4	 illus‐
trates	the	differences	between	the	results	for	the	individual	patches	
and	 the	 patches	 aggregated	 across	 the	 landscape.	 At	 the	 single	
patch	 level	 (Figure	 4a),	 lianas	 slowed	 down	 forest	 carbon	 seques‐
tration,	 leading	 to	 lower	AGB	 stocks	 until	 the	 patch	was	 approxi‐
mately	100	years	old	(with	a	reduction	of	approximately	50%	after	
20	years).	Figure	4b,c	 shows	 the	AGB	 time	series	as	an	aggregate	










−2 year−1,	 representing	 relative	 reductions	 of	 5%	 and	
28%,	for	Paracou	and	Gigante,	respectively;	see	Figure	S10),	which	
is	consistent	with	the	approximate	10%	reduction	observed	by	van	
der	Heijden	 and	 Phillips	 (2009).	 Given	 their	 small	 investment	 in	
structural	 stem	 tissues,	 lianas	 are	 left	with	 a	 greater	 fraction	 of	
carbon	to	allocate	to	 living	tissues	and	reproduction.	 In	fact,	de‐
spite	the	total	leaf	biomass	and	LAI	being	almost	not	affected	by	
the	 introduction	of	 lianas,	 the	 leaf	NPP	was	 substantially	higher	




























increase	 in	 the	 fraction	 of	 late	 successionals	 (+6%)	 and	 a	marked	
decrease	 in	 early	 successionals	 (−25%).	 After	 the	 forest	 is	 around	
100	 years	 old,	 late‐successional	 trees	 display	 a	 large	 increase	 in	




















For	 the	 Gigante	 forest,	 the	 simulation	 that	 included	 lianas	
showed	 33%	 lower	 tree	 mortality	 on	 a	 kgc	 lost	 basis	 (0.44	 vs.	
0.66	 kgc m
−2 year−1).	 This	 finding	 does	 not	 imply	 that	 lianas	 re‐
duce	 tree	 mortality	 but	 rather	 reflects	 the	 observation	 that	
liana‐infested	 forests	 have	 a	 reduced	 carbon	 stock,	 leading	 to	 a	
lower	carbon	flux	from	mortality.	Despite	being	 less	 impacted	by	
lianas,	 the	Paracou	 forest	displayed	qualitatively	similar	 trends	 in	
mortality.	 Compared	 to	 simulations	 without	 lianas,	 the	 leaf	 NPP	
was	 8%	 higher	 in	 Paracou	 and	 20%	 higher	 in	Gigante	 (Figure	 5).	
Reproductive	NPP	was	26%	higher	 in	Paracou	and	87%	higher	 in	
Gigante,	 mainly	 driven	 by	 the	 contribution	 of	 lianas.	 Stem	 NPP	
was	considerably	lower	in	both	Paracou	(−8%)	and	Gigante	(−25%).	






of	 tracking	 the	 role	of	 lianas	 in	 the	dynamics	of	 the	different	 car‐
bon	pools	and	fluxes.	This	 is	not	possible	with	observations	 in	the	
field,	as	many	of	the	variables	are	rarely	measurable	simultaneously	






4.1 | Liana impacts on tropical forest
As	a	consequence	of	the	contrasting	abundance	of	 lianas	in	young	




mately	 19%.	 Paracou	 displays	 a	 similar	 effect	 of	 lianas	 during	 the	
same	early	stage	of	succession;	however,	their	impact	is	significantly	
weaker	during	 the	400–500	year	period:	 liana	 contribution	 to	 the	
LAI	is	lower	(approximately	7%),	and	the	total	forest	AGB	stocks	are	
similar	 for	 simulations	 with	 and	 without	 lianas.	 Liana	 density	 sig‐
nificantly	 differs	 between	 the	 two	 sites	 (Table	 1),	 and	 the	 impact	
of	 lianas	 on	 carbon	 dynamics	was	 greater	where	 they	were	more	
abundant.	While	 these	 findings	 cannot	 be	 extrapolated	 to	 all	 pri‐


















sist	 in	 a	 state	 of	 arrested	 succession	 for	 approximately	 10	 years	
(Figure	4d);	 this	 leads	 to	size	distributions	 that	are	highly	skewed	
toward	small	 individuals	of	 relatively	 low	height	 in	young	patches	
and	 a	 very	 low	 liana	 density	 in	 older	 patches	 (Figures	 3	 and	 4).	
When	looking	at	the	simulated	single	patch	dynamics	(Figure	4a,d),	






eter	 as	well	 as	 the	 inability	 for	 lianas	 to	 change	hosts	 during	 the	
course	of	their	life	in	silico.	Currently,	the	range	of	reported	mortal‐
ity	rate	values	is	very	broad,	varying	from	0.27%/year	(Putz,	1990)	
to	 9.4%/year	 (Mascaro,	 Schnitzer,	 &	 Carson,	 2004).	 The	 current	
liana	mortality	 parameterization	 could	 be	 improved	 in	 the	 future	
with	additional	field	data.
The	 model	 predicts	 differential	 impacts	 of	 lianas	 on	 trees	 of	
different	 functional	 types:	 lianas	 negatively	 impact	 pioneer	 trees	
and	 favor	 shade‐tolerant	 trees.	Although	 this	differentiated	effect	
of	liana	infestation	is	still	debated	(Schnitzer	&	Carson,	2010),	a	re‐
cent	 study	by	Visser	 et	 al.	 (2017)	 tends	 to	 corroborate	 the	model	
output	by	finding	that	shade	tolerance	correlates	with	tolerance	of	
liana	 infestation.	 In	 the	model,	 the	 low	 density‐independent	mor‐
tality	of	shade‐tolerant	species	translates	to	longer	residence	times	





4.2 | Model limitations and perspectives
Our	model	 is	 able	 to	 capture	 some	 important	 features	 of	 a	 liana‐ 
infested	forest.	However,	our	implementation	relies	on	a	number	of	
assumptions	that	should	be	re‐evaluated	as	additional	data	become	
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available.	For	example,	the	liana	PFT	was	assumed	to	be	representa‐
tive	of	all	lianas	in	tropical	forests,	whereas	in	nature,	lianas	display	
a	 wide	 diversity	 of	 growth	 forms,	 climbing	 mechanisms,	 disper‐



























































but	 some	 noticeable	 climatic	 differences	 exist	 between	 them:	
the	 dry	 season	 in	 central	 Gigante	 is	 longer	 than	 that	 in	 Paracou	
(4	months	vs.	3	months),	 and	 the	cumulative	 rainfall	 in	Gigante	 is	
20%	 lower	 than	 that	 in	Paracou	 (2,400	vs.	3,000	mm).	The	simu‐
lated	 forest	 dynamics	 were,	 however,	 very	 similar	 for	 both	 sites	 
(Figures	 S8	 and	 S9),	 which	 are	 explained	 by	 the	 dominance	 of	
above‐ground	 competition	over	below‐ground	 competition	 in	 the	
simulations.	 For	 example,	 for	 the	Gigante	 site,	 the	mid‐afternoon	
water	 stress	 coefficient	 (unitless	 factor	 between	 0	 and	 1	 reduc‐
ing	 the	 stomatal	 aperture	 due	 to	 drought	 stress,	 see	 Medvigy	 
et	al.,	2009)	was	0.94	±	0.02;	that	is,	the	overall	forest	transpiration	
was	only	marginally	reduced	by	water	stress.	This	finding	was	con‐








&	Meinzer,	 2013).	 These	 differences	 likely	 contribute	 to	 the	 ob‐
served	negative	correlation	between	liana	abundance	and	MAP	and	
the	 positive	 correlation	 between	 liana	 abundance	 and	 mean	 dry	
season	length	(DeWalt	et	al.,	2009).	Simulating	tree–liana	competi‐
tion	across	a	broader	range	of	environmental	conditions	(drier	sites	
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